PURPOSE. To determine differences in scleral permeability, as measured by diffusion of macromolecules, by using fluorescence recovery after photobleaching (FRAP), with reference to differences by mouse strain, scleral region, and the effect of experimental glaucoma.
G laucoma is the second leading cause of world blindness and its principal risk factors include the effect of intraocular pressure (IOP) acting to decrease the number of retinal ganglion cells (RGCs). Intraocular pressure is a mechanical load that generates stress and strain in the sclera, which are magnified at the optic nerve head (ONH). The largest mechanical strains have been measured in in vitro inflation experiments in the peripapillary region, immediately adjacent to the ONH. 1 The sclera acts on the ONH, where axons of RGCs pass out of the eye, and suffers damage related to the effects of IOP. 2, 3 Thus, the behavior of the sclera is highly relevant to glaucoma injury and its study may be useful in improved diagnosis as well as new therapeutic avenues.
The sclera comprises three-quarters of the human ocular circumference and is 75% to 90% collagen, with additional elastin fibrils and proteoglycans. 4, 5 The scleral proteoglycans include heparin sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate, hyaluronan, aggrecan, and several small leucinerich proteoglycans. 6, 7 These may have important functional significance for the mechanical responses of the sclera. 8 Scleral thickness is greatest at the peripapillary zone, followed by the limbus, and is thinnest in midsclera. [9] [10] [11] [12] The scleral collagen fibril diameter is larger 13 and varies more than in the cornea 14 or the lamina cribrosa of the ONH. 15 Scleral collagen fibrils, mostly type 1, are arranged in stacked and interwoven lamellae in which most fibrils course in parallel, with successive lamellae alternating in orientation. The mouse scleral lamellae are 41% anteroposterior, 20% oblique, and 15% circumferential collagen and 25% cellular lamellae of scleral fibroblasts. 16 In the peripapillary sclera, collagen and elastin fibrils are circumferentially oriented around the ONH to provide mechanical reinforcement against the large circumferential stress in this region. [17] [18] [19] [20] [21] [22] [23] Human and murine scleral microanatomy differs with age and disease. In myopia 24, 25 there is well-known scleral remodeling in response to defocus and form deprivation, extensively studied in animal models. [26] [27] [28] Both baseline scleral structure and its dynamic response seem to be important determinants of susceptibility to glaucoma damage. 1, 12, 20, 29 Chronically elevated IOP in mice leads to decreases in nonfibrillar scleral elements, alterations in collagen lamellar orientation, a decrease in collagen fibril diameter, and increased cell division with a transition to the myofibroblast phenotype in scleral fibroblasts (Oglesby EN, unpublished observations, Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 2013). 16 Aca23 mice (mice of B6 background that are homozygous for mutation in collagen 8a2) are significantly protected against injury from experimental glaucoma, 30, 31 while CD1 mice are considerably more susceptible to damage than B6 mice 32 and differ in important features of scleral anatomy and response. 9, 33 Experimental glaucoma in mice increases axial length and width by 6% to 10%, with thinning of the peripapillary sclera and increased scleral stiffness in mechanical inflation testing. Types of mice that are more resistant to glaucoma injury have stiffer sclera in mechanical testing at baseline, and with chronic IOP increase, they undergo less midscleral thinning and resist axial elongation better. 9, 16 Recent experimental results suggest that an important change in mouse glaucomatous eyes is loss of the interfibrillar matrix as the eye elongates and stiffens. 16 While modeling of scleral biomechanical behavior has included parameters that stand in for the matrix, its actual features have not been studied in detail in glaucoma models. Proteoglycans within connective tissues are known to be important mediators of the biomechanics of fibrillar elements. Fibroblasts of the sclera make up 25% of its volume in histologic preparations and are known to actively modify both fibrils and matrix. 26, 34 To study the physiology of the scleral matrix, we developed a method based on the technique of fluorescence recovery after photobleaching (FRAP) to assess the diffusion of large, labeled molecules in the sclera in vitro. This method was used to compare the diffusion rates of 40-kDa dextran molecules in three scleral regions in three strains of mice, each of which had undergone experimental glaucoma in one eye.
METHODS

Animals
Animals were treated in accordance to the ARVO Statement for Use of Animals in Ophthalmic and Vision Research, with protocols approved and monitored by the Johns Hopkins University School of Medicine Animal Care and Use Committee. A total of 34 mice underwent FRAP testing. Three strains of mice at 3 to 4 months of age were studied in one or both eyes: 9 C57BL/6 mice (B6 from Jackson Laboratories, Bar Harbor, ME, USA), 9 CD1 mice (Charles River Laboratories, Wilmington, MA, USA), and 10 Aca23 mutant mice (base strain B6), previously described. 30 In addition, six CD1 mice at 15 months of age were studied. The word ''strain'' is used in this report generally to indicate a particular type of mouse, not in the sense of mechanical stress-strain, except where specifically discussing biomechanical behavior.
Intraocular Pressure Measurement
For IOP measurement, animals were anesthetized by inhalation of isoflurane, using the RC 2 -Rodent Circuit Controller (VetEquip, Inc., Pleasanton, CA, USA). This instrument delivers 2.5% isoflurane mixed with oxygen via nose cone. Two minutes after the animal was sedated, IOP measurements were made by using the TonoLab tonometer (TioLat, Inc., Helsinki, Finland), recording the mean of six readings with optimal reliability score. We measured baseline IOP before injection, at 10 minutes after injection, and weekly to euthanasia at 6 weeks after initiation of chronic IOP elevation by bead injection.
Bead Injections for Glaucoma
Mice were anesthetized by an intraperitoneal injection of 50 mg/kg ketamine, 10 mg/kg xylazine, and 2 mg/kg acepromazine and received topical anesthesia of 0.5% proparacaine hydrochloride eye drops (Akorn, Inc., Buffalo Grove, IL, USA). The bead injection protocol used was the 4 þ 1 method, in which we sequentially injected the following through a glass cannula (tip diameter, 50 lm) connected by polyethylene tubing to a Hamilton syringe (Hamilton, Inc., Reno, NV, USA): 2 lL 6-lm-diameter beads, then 2 lL 1-lm-diameter beads (both from Polybead Microspheres; Polysciences, Inc., Warrington, PA, USA), followed finally by 1 lL viscoelastic compound (10 mg/mL sodium hyaluronate, Healon; Advanced Medical Optics, Inc., Santa Ana, CA, USA). 33 The approximate final concentration in injections is 3 3 10 6 beads per lL for 6-lm beads and 1.5 3 10 7 beads per lL for 1-lm beads.
Fluorescence Recovery After Photobleaching
Mice were deeply anesthetized by using an intraperitoneal cocktail of ketamine, xylazine, and acepromazine (50, 10, and 2 mg/kg, respectively) and the eyes were enucleated before euthanasia by exsanguination. Both eyes of each animal were placed in phosphate-buffered saline (PBS) and cleaned of extraocular tissues. Axial length and width measurements were taken by using a digital caliper (Instant Read Out Digital Caliper; Electron Microscopy Sciences, Hatfield, PA, USA) as described below. The posterior sclera was separated from anterior structures and the retina and choroid were removed with a brush. The dural sheath and optic nerve stump were cut off flush with the sclera before blocking into two flat mounts ( Fig. 1 ).
Three regions of the superior and inferior sclera were studied: the immediate peripapillary zone (R1), a zone 0.75 mm anterior to the ONH margin superiorly (R2/3), and a zone 1.5 mm inferior to the ONH margin (R4). Sclera from glaucoma and fellow control eyes was placed in fluorescein isothiocyanate-dextran (FITC-dextran) solution, molecular weight 40 kDa (FD-40; Sigma-Aldrich Corp., St. Louis, MO, USA), at a concentration of 1 mg/mL in PBS and incubated in the dark for 90 minutes. Samples were mounted on a slide outer sclera side up and coverslipped with an additional 25 lL FITC-dextran solution. Slides were sealed with clear nail polish and kept in the dark until imaging shortly after.
In brief, FRAP quantifies the two-dimensional diffusion of fluorescently labeled molecules within cells or tissues. 35, 36 Confocal FRAP image sets consist of a time series in the following sequence: (1) baseline image, (2) exposure to laser energy to bleach the designated region, and (3) sequential, postbleach scans to quantify re-entry of unquenched dye from surrounding tissues into the bleached region. Intensity of fluorescence over time into the bleached area is modeled as a bleach recovery function, whose half-time is used to calculate a diffusion coefficient, or tissue diffusivity of fluorescently labeled molecules. We used the Zeiss LMS710 NLO (Zeiss, Inc., New York, NY, USA) with its 488-nm laser at 2% power, a 488 main beam splitter and 415 to 735 band pass, and the Plan-Apochromat 633/1.40 oil objective lens. The optimal pre-and postbleach gain varied from 650 to 850 among specimens, but was maintained at one setting for the replicates at a given position for both right and left eyes of the same animal. The bit depth used was 12, providing 0 to 4095 levels of intensity. The imaging window was 100 lm 3 50 lm and the bleach zone was a circle, 5 nm in diameter, with a similar-sized bleach reference circle. Data collection consisted of two prescans at 2% power, followed by 100 iterations of 100% laser power directed at the bleach zone, followed by 78 more full scans taken during the next 30 seconds. Images were centered at the midpoint between the inner and outer sclera. In each region, four to six bleaching replicates were conducted and their results were averaged.
Analysis of fluorescent intensity data used Zen 2010 LSM710 software, release 6.0 (Zeiss, Inc.), fitting an exponen-tial function to the fluorescence recovery data, which was calculated by comparing the percentage bleach of mobile and immobile fractions, producing a half-time to bleach recovery (t ½), which was then used as the primary outcome variable (Fig. 2) .
Before using the specific dextran selected, we tested fluorescent polystyrene nanoparticles with bio-inert polyethylene glycol (PEG) coating (20-, 40-, and 100-nm PS-PEG), quantum dots (15-20 nm nontargeted Qdot 655; Invitrogen, Carlsbad, CA, USA), and different sized FITC-dextrans (15, 40, and 150 kDa; Sigma-Aldrich Corp.). The PS-PEG nanoparticles and Qdots were unable to diffuse in sclera, most likely because the particle sizes are too large compared to the pore size of the sclera. The other FITC-dextrans were also not suitable for our experiment. The larger 150-kDa dextran (8.5 nm) showed a fluorescence recovery that never reached its initial prebleach fluorescence level, probably owing to its larger hydrodynamic size (8.5 nm). The smaller 15-kDa FITC-dextran (2.3 nm) could not be completely photobleached, since a significant fraction quickly diffused back into the bleach region during photobleaching. The 40-kDa FITC-dextran provided a good balance between complete photobleaching and best fluorescence recovery.
RGC Axon Loss Quantification
The optic nerve was removed from the globe and fixed by immersion in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH ¼ 7.2). After initial paraformaldehyde fixation, the optic nerve was removed and postfixed in 1% osmium tetroxide, dehydrated in alcohol, and stained with 1% uranyl acetate in 100% ethanol for 1 hour. Nerves were embedded in epoxy resin and 1-lm cross-sections were cut. To assess RGC damage, we estimated axon loss in optic nerve cross-sections by a semiquantitative grading system. An observer masked to the protocol (glaucoma or fellow eye) examined sections by phase contrast microscopy and gave one of five grades: normal, <10% axon damage, 10% to 25% damage, 25% to 50% damage, or >50% damage. Owing to the need to study the remainder of the eye without fixation, perfusion of aldehyde could not be performed. Perfusion fixation is required for detailed quantitative axon counting. 37 
Axial Length and Width Measurement
The globes were removed and IOP was set at 15 mm Hg with a needle connected to a fluid-filled reservoir to produce standard conditions for axial length and width measurement. The measurements were performed with a digital caliper (Instant Read Out Digital Caliper; Electron Microscopy Sciences). The length was measured from the center of the cornea to a position just temporal to the optic nerve, and both nasaltemporal width and superior-inferior width were measured at the largest dimension at the equator, midway between the cornea and optic nerve.
Statistical Analysis
The primary outcome parameter was the half-time to recovery, with larger values of t ½ indicating slower diffusion. For estimation of the effect of experimental glaucoma, we calculated the paired difference between the t ½ in each glaucomatous eye and that in its fellow eye. A shorter t ½ would indicate a greater permeability. Mean and standard deviation for t ½ were calculated for relevant subgroups. To carry out regression analysis, a natural log transformation was made of the t ½ data. Greater diffusion in glaucomatous eyes than control values indicated that the bead-injected eyes became more porous with treatment. The estimated effect of various factors on diffusion and the associated P values were obtained by using generalized estimating equation models, which take into account correlations among repeated measurements on a single mouse eye. This was appropriate because we studied three areas of the sclera from most eyes. The working correlation matrix for the repeated measurements was assumed to have an autoregressive structure, in which measurements from closer regions have higher correlation. Bonferroni adjustments were made for multiple comparisons. For axial length, median, as well as mean and standard deviation, was calculated for each of four groups of control eyes: B6, CD1 young, CD1 old, and Aca23. Groups were compared by using analysis of variance with Dunn's test for multiple comparisons.
RESULTS
Control Scleral Permeability by Mouse Strain
The t ½ of 40-kDa dextran molecules in the sclera in the control, untreated sclera in Aca23 mutant mice, and B6 mice was lower (faster recovery, indicating greater permeability) than in CD1 mice (Table 1 ; includes young CD1 but not older CD1 mice). These pairwise differences were highly significant in a univariate model (overall P < 0.0001) and in a multivariate model adjusted for region and axial length (overall P < 0.0001; Table 2 ).
Axial length was of interest as a modifier of permeability because baseline axial length differs significantly among the three strains of mice studied. B6 mice have the shortest axial length, while that of CD1 mice is intermediate and Aca23 mice have the longest eyes (P ¼ 0.002, one-way ANOVA, pairwise difference of B6 and Aca23, P < 0.01 and CD1 and Aca23, P < 0.05, Dunn's multiple comparisons test; Table 3 ). In models including all three strains of mice, there was no significant relationship between t ½ and axial length. However, in data comparing younger and older CD1 mice, effects of axial length were identified (see below).
Region of Sclera
Univariate analysis of t ½ among control eyes in all three strains found a significant relationship between the region of sclera and t ½ (n ¼ 27 eyes, P ¼ 0.01; Table 4 ). Permeability was least (longest t ½) in the peripapillary sclera (region 1) compared to either of the more anterior regions.
A multivariate model of the log-transformed t ½, with all three strains included, showed that there were significant differences by strain and region, with higher t ½ (slower recovery indicating less permeability) in CD1 than B6 and Aca23 mice in the peripapillary region (R1) and higher t ½ (lower diffusion) in CD1 than in B6 mice in region 2/3 ( Table 5 ). 
Age Effect
We compared two age groups of control CD1 mouse eyes for t ½ in the sclera: 40-kDa dextran diffused more slowly in older CD1 mice at 15 months of age (less permeability) than in younger CD1 mice at 4 months of age (P ¼ 0.0005, univariate regression; Tables 6, 7 ). Furthermore, t ½ was lower in the peripapillary region (R1) than in the two more anterior regions (P < 0.0001, univariate regression). Overall, axial length was not significantly related to t ½ in a univariate model (Table 7) . But, in a multivariate regression model including age, region, and axial length, a statistically significant interaction was found in the effects of age, axial length, and region on t ½ ( Table 8) . Diffusion of dextran molecules in the sclera was reduced in older mice and in the peripapillary region, and was greater in mice with longer eye axial length (when adjusted for age). However, older CD1 eyes had longer axial length and yet lower t ½, explaining why axial length without adjustment for age was not related to t ½ in a univariate model.
Effect of Glaucoma on t ½ in the Sclera
Glaucomatous eyes showed a consistent decrease in t ½ within the sclera as the amount of estimated damage to the RGC caused by glaucoma increased (Table 9 ; Fig. 3 ). Whether considered as five levels of damage or in three groups indicated by normal, less than 25% damage, and 25% damage or more, there was a significant trend to lower t ½ with greater axon loss (univariate regression of pairwise glaucoma versus control eyes, Table 10 ). In addition, multivariable models comparing glaucoma to control eyes pairwise found significantly greater t ½ with increasing glaucoma damage, whether considered in three damage groups or with percentage axon loss as a continuous variable (Table 11 ).
DISCUSSION
Our quantitative measurements of scleral permeability showed differences among strains of mice, differences by region of the sclera, and a decrease in permeability after experimental glaucoma in mice. The t ½ of 40-kDa dextran molecules in the sclera was shorter in both the typical B6 strain and the B6based Aca23 mutants than in CD1. Interestingly, the rank order of scleral permeability among these three mouse strains matched the rank order of susceptibility to experimental glaucoma damage among these three types of mice. In previous reports, we have shown that the Aca23 mutants, which had the greatest permeability estimates here, are the strain that is most resistant to glaucoma damage, while the CD1 mice with lowest permeability are most susceptible to glaucoma injury, with the B6 mice intermediate in both measures. [31] [32] [33] This finding lends further credence to the potential role of the state of the sclera as a factor in glaucoma susceptibility. In addition, there was a significant, monotonic decrease in scleral permeability with greater glaucoma damage in experimental mice in this study. If lower scleral permeability is associated with greater susceptibility, then the decreased permeability that was induced by experimental glaucoma in our data would be a detrimental trend, potentially inducing a vicious cycle. The peripapillary sclera is vitally important in glaucoma injury, since it has greater IOP-induced mechanical strain than other scleral zones. Experimental models of ocular biomechanics point to the importance of the peripapillary area in the effect of IOP on the ONH and RGC axons passing through it. 29, 38 Our findings showed that the two standard mouse strains (B6 and CD1) have a lower peripapillary scleral permeability than the more anterior regions of the same eyes. In multivariate modeling, where region and strain are included, the control peripapillary sclera had a longer t ½ in CD1 mice than in the two B6-based strains. The lower permeability in a local region known to be most important to glaucoma injury seems to indicate that the greater strain in this zone has structural and physiological consequences that merit further study.
Older age is associated with increased glaucoma susceptibility in human open-angle glaucoma. 39 In this study, we found that there was lower permeability to dextran in older CD1 than in younger CD1 mice. Related measures of scleral permeability, namely hydraulic conductivity and permeability to albumen, have been reported to decline with age in human eyes, 40, 41 and these findings are consistent with our permeability data. We have recently found that older CD1 mice are more susceptible to experimental glaucoma damage than younger CD1 mice. 42 Older CD1 mice have also longer eyes, which might logically lead to increased strain in the sclera, all other factors being equal. Yet, lower scleral permeability was associated here with those mouse strains less susceptible to glaucoma. It is likely that there are complex interactions involving the structural features of the sclera that contribute to glaucoma damage. These features are known to be altered by eye pressure through a biomechanical pathway. Thus, further studies are merited to dissect the features of scleral behavior that affect glaucoma damage.
We can consider what features of the scleral architecture determine permeability and how this might relate to susceptibility to glaucoma damage. In the same mouse strains studied here, Cone-Kimball et al. 16 have found that experimental glaucoma leads to a loss of nonfibrillar components of the sclera. In fact, the fibrillar, collagenous component of the sclera slightly increased in volume in these mice, as well as undergoing significant decreases in collagen fibril diameter. We have also determined that experimental mouse glaucoma leads to an increase in biomechanical stiffness of the sclera. Others have found that glaucomatous eyes in humans 1 and monkeys 43 are stiffer with glaucoma. Interestingly, inverse finite element modeling of the sclera in human glaucomatous eyes shows that the more significant change is in the component of sclera assigned to the nonfibrillar elements. Experiments with normal rabbit sclera indicate that permeability increases as hydration increases, that crosslinking of the sclera by glutaraldehyde reduces partition coefficients for solutes with molecular weights greater than 3 kDa, and that removal of glycosaminoglycans with chondroitinase has only a small effect on diffusion. 44 Our studies of scleral proteomics and composition will now be targeted to identify changes in the nonfibrillar elements, which may influence the stiffness as well as other functions of sclera as they impact glaucoma susceptibility.
The findings here may also have implications for the penetration and effects of topical glaucoma therapy and IOP. There is considerable evidence that drug and protein penetration of the sclera is measureable and potentially useful to produce clinically beneficial effects within the eye. [45] [46] [47] The scleral penetration of particles or agents in vivo is less than that in vitro, 48 suggesting a physiological barrier that may depend on re-absorption by blood vessels or lymphatics, or on uveoscleral outflow of aqueous from within to the outside of the sclera. 49, 50 In vitro measurement of scleral permeability to water and large molecules decreases as IOP increases. 51 There may be regional differences in permeability between more anterior and more posterior sclera, 52 though specific studies of the peripapillary sclera have not been accomplished to our knowledge. Topical eyedrop medications can affect IOP either by penetrating the cornea to aqueous humor, or by passing through the conjunctiva and through the sclera. Interestingly, the prostaglandin analogues lower IOP not only by affecting trabecular outflow but also by increasing uveoscleral outflow, probably by altering metalloproteinase activity and increasing scleral permeability. 53 The methods developed in this report have some limitations. The measurements of dextran molecular diffusion in the sclera are influenced by melanin pigment content in the tissues, which is most prominent in the peripapillary sclera of pigmented mice (B6). This may lead to some systematic differences in comparisons of control values between albino CD1 and B6, or between peripapillary sclera and more anterior regions. The peripapillary sclera of the mouse has several large channels through which blood vessels enter the eye. In performing our studies, we avoided these areas, and therefore collected more information from the superior peripapillary sclera. Standard methods using FRAP in single cells or very thin tissues can derive actual diffusivity measurements, estimating the pore size of the tissue of interest by comparing the halftime to recovery of fluorescence in the tissue to that in a fluid of equal thickness. Our scleral specimens are 50 to 100 lm thick and diffusion can occur not only from the lateral edges of the bleached zone, but also from unbleached tissue above and below the zone on which we focus by confocal microscopy. Thus, while our measurements are clearly consistent and highly related to tissue permeability, the present methods do no allow us to estimate tissue pore size. Finally, we have no immediate interpretation of the molecular mechanisms underlying either normal or pathological changes in diffusivity in the sclera. We plan extensive studies to explain the measured differences. 
